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A basic model is presented for estimating the cost of un-
manned lunar and planetary programs. The level of input parameters
required by the model and its accuracy in predicting cost are
consistent with pre-Phase A type mission analysis.

Cost data was collected and analyzed for eight lunar and
planetary programs Total cost was separated into the following
components: labor, overhead, materials, and technical support.
This study determined, with surprising consistency, that direct
labor cost of unmanned lunar and planetary programs comprises
30 percent of the total program cost.

Twelve program categories were defined for modeling: six
spacecraft subsystem categories (science, structure, propulsion,
electrical power, communications, and guidance and control);
and six support function categories (assembly and integration,
test and quality assurance, launch and flight operations, ground
equipment, systems analysis and engineering, and program manage-
ment). An analysis. by category, showed that on a percentage
basis, direct labor cost and direct labor manhours compare on a
one~to-one ratio. Therefore, direct labor hours is used as the
parameter for predicting cost. This has the advantage of
eliminating the effect of inflation on the analysis.

Figure S-1 is a flow diagram of the use of the cost model
in forecasting The boxes in the upper left involve the mission
dependent information. Scaling laws, physical and mathematical
relationships, and synthesis guidelines, provide the basic
estimate of manhours. The remainder of the model deals with
converting the basic cost element, direct labor hours, into cost.
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This requires two additional steps. First, the average pay scale
($/hr) must be determined for the period of the program. If de-
sired, the selected pay scale could include inflation between

the time of the estimate and program execution. The final step
involves converting direct labor cost into total program cost.
Total program cost can be determined by dividing direct labor cost
by its fraction of total cost, The relationship used throughout
this study is:

Total Program Dollars = _Direct Labor Hours x Average Hourly Rate .

Y —— — T T O — T T T 555 Vs s G My e W w10 Cx -y Gl K KICa s,

.3

Figure S-2 presents cost estimates and errors for the pro-
grams used in developing the cost model. The Surveyor program
did not follow clearly established trends of the other seven
programs, and was subsequently not used in the development of
the model, As an example, the model was used to predict the
cost of the Mariner Venus/Mercury 1973 program. The model pre-
dicted a program cost of $120 Million, which is approximately
20 percent higher than current estimates.

Recommendations for further effort include: wupdate the
current data base by obtaining the latest Mariner 1971, Viking
Orbiter and Viking Lander cost data; expand the data base by
obtaining cost data for such programs as Mariner Venus 1967,
Mariner Venus/Mercury 1973, and interplanetary and cis-lunar
Pioneer and Explorer programs; and develop cost models for
planetary atmospheric entry probes.
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GLOSSARY OF SYMBOLS

Definition

Mission cruise time (CT = MT ~ LDl), in days

Direct labor hours, in thousands of hours

Scientific experiment and data playback time, in days
Specific impulse, in 1bf-sec/1b,m

Total impulse, in lb.-sec

Launch date of first flight in mission

Labor-hour estimating relationship

Lunar Orbiter

Date of mission termination (final spacecraft shutdown)
Mariner Mars 1964

Mariner Mars 1969

Mariner Mars 1971

Number of launches in total program

Non~recurring direct labor hours, in thousands of hours
Number of flight spacecraft

Number of RTG units purchased from AL,E.C.

Pioneer F & G

Resolution of imaging instrument, in pixels per line
Proof test model

Transmitter peak RF output power, in watts

Unit RTG power at BOL, in watts

Total conditioned power, in watts; at 1 A,U, for solar
power; at beginning of {1fe for riC power

Recurring direct labor hours, in thousands of hours
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GLOSSARY OF SYMBOLS (continued)

Symbol Definition

r Correlation coefficient of regression analysis
RMS Root-mean~square error of regression analysis
s/c Spacecraft
SU Surveyor
T Time from August 1960 to first launch date, in years
VL Viking Lander
Vo Viking Orbiter
WAGE Hourly wage rate, in dollars per hour
WT Weight, in pounds
SUBSCRIPTS

Symbol  Definition

Al Assembly and Integration

C Communications

DRY Dry Weight

EP Electrical Power

EPR Electrical Power from RTG's

EPS Electrical Power from Solar Cells
GC Guidance and Control

GE Ground Equipment

LF Launch and Flight Operations

P Propulsion

PM Program Management

PR Propellant

S Science

SE Systems Analysis and Engineering
ST Structure

TOT Indicates Total

TQ Test and Quality Assurance
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STUDY OBJECTIVE

The primary objective of this study is to provide the
Planetary Programs Office (SL) of NASA Headquarters with a
capability for estimating the cost of future missions. This
capability is .intended for use in generating initial cost
estimates of planetary missions for which pre-Phase A infor=
mation is available. The procedure must be easy to use and
sufficiently flexible to accomodate changing mission defini-
tions (flyby, orbiters, landers, etc.) and varied levels of
available mission information.

Previous spacecraft cost modeling by IITRI was developed
from the costs of Ranger, IMP, Mariner, OGO, Relay, Syncom, and
Surveyor programs. Program records for a number of small,
highly instrumented spacecraft were used in the formulation of
the model. The spacecraft program cost were shown to be a
function of: number of flight spacecraft; total weight of the
spacecraft plus experiments; weight of the spacecraft less ex-
periments; structure weight; telemetry weight; and weight of
the propulsion subsystem,

The Planning Research Corporation cost predictive model
was developed for JPL using Mariner 64, 67, 69, and Lunar
Orbiter cost data. The model relates unit and development cost
to subsystem weights, but it is primarily a Phase B model which
requires more detailed input information than is usually avail-
able from a pre=-Phase A study.

Another unmanned spacecraft model was developed by the
Air Force Space and Missles Systems Organization (SAMSO) for
predicting total program cost through the use of cost estimating
relationships (CER). The CER's were developed from primarily
earth orbiting spacecraft programs. A total of fourteen programs
were analyzed to formulate CER's for subsystems and operational
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recurring and non-recurring cost. The model was developed over
a period of several years and is still being modified.

A basic premise of the analysis presented here is that
cost forecasting can be improved by selecting manhours as the
basic cost unit. Manhours have several advantages over fore~
casting total program dollars; separation of inflatiomary
factors from estimates and improved costing of low volume pro-
duction. Two programs separated in time are comparable on a
cost basis only if some inflationary factor is applied to the
older program. Such inflationary factors are difficult to
formulate for total program costs and often fail to accurately
represent the actual financial conditions within the industry.
The space program has not yet been able to use mass production
techniques and thus the total cost of each completed item is
not substantially decreased through additional production.
Hence, the cost of a program's hardware is directly connected
to the manhours involved in development, fabrication, and
testing.
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COST COMPONENTS

Detailed cost data were obtained for eight programs but in the
cases of Mariner 64 and Viking Orbiter the format of the cost
information was not adequate for all types of analysis. 1In
general, the cost printouts included information on dollars and
manhours for line items as well as summaries indicating the
division of costs by direct labor, overhead, materials and
technical support. These data were usually available by pro-
gram year or month enabling some studies of time line behavior.
Figure 3 is a typical data sheet from Mariner 69. The assign=-
ment of cost components is shown in the figure.
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SUBSYSTEM AND PROGRAM CATEGORIES FOR COST MODELING

Twelve categories of program cost were established; six sub-
system categories: science, structure, propulsion, electrical
power, communications, and guidance and control; and six support
function categories: assembly and integration, test and quality
assurance, launch and flight operations, ground equipment,
systems analysis and engineering, and program management.

A series of definitions were evolved to assist in the assign-
ment of line items to each of twelve categories. Figure 5
lists the definitions that were employed. More elaborate and
detailed definitions were considered but found to provide no
advantages, Each program and contractor used somewhat different
terminaology. No definition, however detailed, is able to
unambiguously classify all line items.

It was necessary in a number of cases to submit questionable
line items to a panel of IITRI/AS staff for review and decision.
If a clear consensus was not obtainable from the panel, attempts
were made to obtain clarification from the center or contractor
involved. The lack of uniform cost reporting categories in
terms of subsystem and functional definitions remains one of

the more difficult problems of cost analysis. It is felt that
within the accuracy of pre-Phase A estimates, the assignments
made in this study are satisfactory.
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Figure 5: Cost Category Definitions

Science - all instruments which perform scientific experiments
but not including apparatus used primarily for other
mission functions, e.g. radio transmitters which,
although used in occultation and tracking experiments,
are classed as communications.

Structure - spacecraft main body structure, mechanical devices,
thermal control equipment, cabling and harnesses,
pyrotechnic devices, payload adapters, scan platform,
atmospheric entry equipment, booms and appendages.

Propulsion - wvelocity control components such as propellants,
engines, tanks, feed lines and valves, pressuri-
zation equipment.

Electrical Power = all components of main power source such
as solar cells or RTIG's, conditioning components
such as inverters and regulators, secondary power
sources such as batteries, associated electronics
for control and distribution.

Communications ~ all components which handle data transmission
and reception, data management and storage, data
encoding and decoding, command data distribution,
antennas,

Guidance and Control - all flight control components such as
attitude control equipment (e.g. cold gas systems)
and electroniecs, attitude sensors and tracking
devices, control computer and sequencer, lander
terminal guidance equipment. Note: if TV is used
for both science and terminal guidance, it should
be assigned to science.
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Figure 5: Cost Category Definitions (continued)

Assembly and Integration - system and subsystem integration
analysis, design and control, system and subsystem
packaging and assembly analysis and management,
mockup assembly,

Test and Quality Assurance - spacecraft subsystem and com-
ponent testing, manufacturing quality assurance
and control, environmental testing, quarantine
assurance and control, subsystem and component
reliability analysis, testing equipment.

Launch and Flight Operations =~ launch control and operations,
space flight control and management, mission
operations, spacecraft team command and subsystem
team monitors operations and training, scientific
and engineering data processing, handling and
management, telecommunications and tracking data
analysis, field station operations, SFOF mission
particulars,

Ground Equipment = shipping and storage container, trans-
portation and handling equipment, propulsion loading
equipment, environmental test chamber, mission
operations consoles and recording equipment, computers
and peripheral equipment.

Systems Analysis and Engineering - configuration management,
analysis and control, mission planning and profile
analysis, trajectory analysis, electronic parts
engineering, computer software and implementation,

Program Management <~ project management and control, project
reporting, business operations and computer, manage-
ment support, safety control, science team manage-
ment, task allocations,
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RECURRING AND NON-RECURRING COSTS

The number of flight spacecraft associated with past and current
planetary programs has been small; Lunar Orbiter with five S/C
and Surveyor with seven S/C represent the largest 'production
runs'' to date. In general, there have been changes from one
spacecraft to another within the same program., Nonetheless, it
seems reasonable to attempt to separate recurring (R) and non-
recurring (NR) costs to provide a better basis for estimating

a variety of future program options.

There is a wide variation in the definition of recurring vs
non-recurring costs by the space industry. For example, some
contractors confine recurring costs to the production of flight
subsystems while others include operational categories such as
test, launch/flight, etc, Our analysis of the nature of the
operational categories and their cost/time history led to a
definition of ground equipment and system analysis/engineering
as entirely non=-recurring. Launch/flight and assembly and
integration were found to be essentially recurring. All other
categories were a mixture of recurring and non-recurring costs.

A study of the time history of program costs led to the conclusion
that the date of completion of assembly and test of the proof test
model (PTM) provided a reasonable split of costs into the two
categories. This is a somewhat arbitrary definition but on the
average agrees with the data supplied. Figure 8 lists the PTM
dates used to classify the programs. Lunar Orbiter costs were
supplied as recurring and non-recurring based on the contractor
definition. Since a time history was not available these data
were used as supplied., During the detailed modeling (section 3)
it was found that total costs with no distinction between non-
recurring and recurring costs provided the best basis for oper-
ational support category models.

I'T RESEARCH INSTITUTE
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Figure 8

Program Dates for Non=-Recurring and Recurring Determination

PROGRAM

Pioneer
Viking
Surveyor
Mar iner 64
Mariner 69

Mariner 71

PROOF TEST
MODEL ASSEMBLY
AND TEST
COMPLETION DATE

June 71
June 74
October 63
May 64
March 68

October 70

T RESEARCH INSTITUTE
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FIRST
FLIGHT
DATE

March 72
March 75
May 66
November 64
February 69

May 71
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3. SPACECRAFT SUBSYSTEM AND
SUPPORT CATEGORY MODELING
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SCIENCE

The model developed for the science system is a two variable
linear equation based on the resolution of the imaging experi-
ment (pixels per line) and the total weight of the science in-
struments. This provides a good fit to all programs except
Viking which had such a large error that it was not included
in the regression fit,

This is apparently due to the large costs associated with the
Viking biological experiments which do not substantially in-
crease the weight of the science package, A number of other
models were tried in an effort to fit the Viking data but none
were successful, Further effort should be devoted to improving
the science model. The comparison of actual and predicted
labor are given in Figure 26.

0.9939

NR 0.1 PPL + 1.8 WTS + 234.2

H
I

S

R 0.9442

=
il

0.182 NRg (Ng)
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Figure 26: Science Category Prediction and Error
Actual Predicted | Actual | Predicted]] Actual EPredicted:
Program | NRg NRg Rg Rg DLHg | DLHg . 9 Error
!
M64 311.7 327.6 146.7 119.2 458.4 446.8 o= 2.5
M69 553.8 562.3 246 .8 204.7 800.1 767.0 - 4.1
M71 510.0 587.2 174 .4 213.7 684.4 800.9 17.0
PI0 416.9 | 399.7 139.7 145.5 556.6 | 545.2 - 2.0
VO 693.9 613.8 232.6 223 .4 926.5 837.2 - 9.6
VL* 1399.2 450.0 358.6 163.8 1757.8 613.8 -65.1
LO** 1463.8 1480.5 437.3 1347.3 1901.1 2827.8 48,7
E
SU* 1243.4 453.3 864 .1 577.5 2107.5 1030.8 I =51.1

* not used in non-recurring LER derivation

** not used in recurring LER derivation
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STRUCTURE

The LER developed for the structure subsystem is a linear fit
based on the structure subsystem weight, This includes the
weight of thermal control equipment, cabling, booms, pyrotechnic
and mechanical devices and, if the spacecraft uses one, the

scan platform., The aeroshell and bioshield are included for
Viking Lander, and the VO-VL adapter is included for Viking
Orbiter.

Figure 27 shows actual and predicted wvalues of DLH for the
structure subsystem., The predictions are only in generally
fair agreement with the actual values, The major variance
occurs in the M71 program,

NR

1.18 WIgp + 50.1 r = 0,8971

ST
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Figure 27: Structure Category Prediction and Error
Actual Predicted | Actual Predictedw Actual ! Predicted}% Errorx
Program | NRsT Ngp Rsr Rgy || DhHlgy | DLigy
7 !
M64 374.2 | 237.4 79.8 46.5 454,0 | 283.9 |- 37.5
|
M69 781.7 | 441.6 | 155.5 86.6 937.2 | 528.2 |- 43.6
M71 214.1 | 612.1 40.7 | 120.0 254.8 | 732.1 | 187.3
PIO 149.1 235,8 32.9 46.2 182.0 | 282.0 | 55.0
VO 1050.0 946.3 180.0 185.5 | 1230.0 ; 1131.8 |- 8.0
VL 1246.1 | 1487.1 236.6 291.5 1482.7 | 1778.6 20.0
LO 130.1 233.2 62.9 114.3 193,0 | 347.5 | 80.0
SU* 1664.0 402.9 930.6 276.4 2594.6 | 679.3 |- 73.8
i

% . . .
not used in model derivation
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PROPULSION

The LER for predicting non-recurring direct labor hours for the
propulsion subsystem was found to be a power law function of the
total impulse of the engine. Total impulse is defined as specific
impulse times propellant weight, or alternately, total burn time
times vacuum thrust. For the planetary programs, all engines
used either the monopropellant N,H, or the bipropellant N204/MMH
whereas Lunar Orbiter used NZOA/A-SO. The engines for M64, M69
and PIO were used for midcourse correction only while those for
other programs are used primarily for orbit insertion or terminal
landing. Obviously, these latter engines require more propellant
(or equivalently, a longer burning time) and will cost more.

The derived and program data are given in Figure 28, The Lunar
Orbiter propulsion system was partially supported by DOD and
those costs were not available, This may explain part of the
overestimate,

NR, = 3.51 (IT)'359 r = 0.9175
Rp = 0.149 NR, (Ng) r = 0.972
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Figure 28: Liquid Propulsion Category Prediction and Error
Actual r Predicted | Actual | Predicted Actual | Predicted]
Program NRp | NRp Rp Rp DLHy, DLH, % Error
M64 46.3 g 76.1 12,7 22,7 59.0 98.8 67.4
M69 116.7 ; 76.3 34,2 22.7 150.9 99.0 -34.4
M71 346.0 323.6 104.9 96.4 451.1 420.0 - 6.9
PIO 123.6 102.8 26.5 30.6 150.1 | 133.4 -11.1
VO 484.,9 478.6 145.5 142.6 630.4 621.2 - 1.5
VL 227.1 201.1 95.7 59.9 322.8 261.0 -19.1
LO 143.6 196.2 100.6 146.2 2442 342.4 40,2
SU 701.2 364.5 468.3 380.2 1169.5 744.8 E-36.3

als

not used in model derivation
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ELECTRICAL POWER

The model developed for the electrical power subsystem is a
multiple linear relationship based on total power supplied to

the spacecraft from the power conditioning equipment and the
weight of the power subsystem including weight of all con-
ditioning equipment and auxiliary power supplies such as batteries.

Separate estimating relationships have been developed for power
subsystems whose primary energy source is solar energy conversion
and those using radioisotope thermoelectric energy conversion.
For the latter case, the model has two parts: one for the power
conditioning and auxiliary power equipment and the second for the
radioisotope thermoelectric generators (RTG). The expenditure
for RTG's is assumed to be an additional cost to the program,

and as such is modeled separately.

The LER for solar power subsystems includes the cost of the solar
arrays. The power is that generated at 1 A,U.

The LER for RTG powered subsystems does not include the cost of
the RTG's, and the weight term does not include the RTG weights.
The power is the total beginning-of-life power supplied by the
subsystem. The results are given in Figure 29,

NREPS = 0.21 Po + .2 Wlgpg + 55.3 r = 0,830
NRppp = 1.57 Po + 0.9 WTEPR r =1,00

The recurring DLH relationship is used for either solar power
or RTG power,

Rgp = 0.154 NRyp () r = 0,955

ItT RESEARCH INSTITUTE
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Figure 29: Electrical Power Category Prediction and Error
Actual | Predicted Actualg Predicted|| Actual ! Predictedj
Program | NRpp NRgp Rep Rep DLHgp { DLHgp ' % Error

M64 224.1 236.8 61.5 72.9 285.6 % 309.7 i 8.4
M69 315.2 262.7 103.2 80.9 418.4 i 343.6 é -17.9
M71 199.9 273.9 63.5 84 .4 263.4 % 358.3 : 36.0

| ;
PIO 279.2 278.5 81.7 85.8 360.9 364.3 i 0.9
Vo 360.1 335.4 108.0 103.3 468.0 438.7 § - 6.3
VL 252.8 252.5 88.1 77.8 340.9 330.3 | - 3.1
L0 184.1 | 170.3 138.0 | 131.1 322.1 | 3014 | - 6.4
SU * 335.6 91.1 352.4 98.2 688.0 189.3 i -72.5

i A

% . . .
not used in model derivation

61



RTG_ADDITIONAL COSTS

The data for RTG costs was obtained from the Atomic Energy
Commission in the form of development (non-recurring) dollars
and unit (recurring) dollars, The dollar data was converted
to direct labor hours assuming 30 percent total program cost
for labor and the wage rate at the median year of program
development.

The relationship for NASA funded RTG costs is a function of
unit power at beginning-of-life and time, in years, from
August 1960 to date of first flight (In denotes natural
logarithm) .

Data on total number of units purchased were not available for
all missions nor were total costs known in all cases. The data
in Figure 30 are based on single unit data and errors are there=
fore not shown.

MRy = 1.7 Py = 265.7 In (T) + 1059.0 r = 0,9830
Rppe = (0.6 Py + 0,04 NRypo = 6.4) Ny r = 0.9968

Il'T RESEARCH INSTITUTE
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Figure‘30:

RTG Cost Prediction and.Error

Actual Predicted Actual Predicted
Program NRpTG NRr1G Rpre RrTG
Nimbus 662,7 526.6 33.4 29.7
Pioneer 489.8 470.9 33.0- 34.9
Viking 315.0 397.9 29.8 30.5
Transit 1109.3 1139.6 59.3 60.2
TOPS - GT 579.2 538.8 101.0 99.2
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COMMUNTCATTONS

The LER for the communication subsystem is a multiple linear
relation in transmitter power and communication subsystem weight.
The subsystem weight as utilized here includes the weight of such
items as data acquisition and storage equipment, data encoding

and decoding devices and flight command equipment, Transmitter
power is peak RF power transmitted, The unique relay communication
equipment on the Viking Orbiter and Lander were not modeled
separately, but are taken into account in the subsystem weight term.

Figure 31 presents the actual and predicted data for communications.
The predicted values of DLH are in generally good agreement with
the actual values, the major variances being M69 and M71,

- 37.1 r = 0,9758

0.973

NR. = 16.9 PT + 4,2 WT,

R, = 0.183 NR, (NS) T
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Figure 31: Communications Category Prediction and Error

| Actual Predictedl Actual | Predicted [Actual Predicted |
Program NRC NRC RC R DLHC DLH, 4;? Error
M64 525.,7 564.5 197.7 206.6 723.4 771.1 ; 6.6
M69 1045.5 861.6 423,2 315.3 1468.7 1176.9 5-19.9
M71 699.2 838.1 209.3 306.7 908.5 1144.8 g 26.0
PIO 325.1 420.7 136.5 154.0 461.6 574.7 S 24,5
VO | 1214.0 | 1205.2 439.5 | 441.1 1653.5 | 1646.3 l - 0.4
VL 1067.4 | 1101.6 366.6 | 403.2 1436.0 | 15048 | 4.9
Lo 429.3 388.9 386.3 355.8 815.6 744.7 1= 8.7
SU # 822.0 396.5 943.9 507.9 | 1765.9 904.4 5-48.8

ﬁ

not used in model derivation
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GUIDANCE AND CONTROL

The LER for the guidance and control subsystem was found to be

a function of total spacecraft weight and type of spacecraft

and stabilization, Because of the limited number of data points,
the slope of the LER developed for 3-axis stabilized flyby and
orbiter spacecraft was applied to both landers and spin stabilized
spacecraft, Total spacecraft weight is defined as launch weight.
In the case of Viking Orbiter, it includes the weight of the
Lander since the G & C of the Orbiter must account for the Lander
from launch through orbit insertion. The actual and predicted
labor hours are given in Figure 32.

3 =~ Axis Stabilized Flybys & Orbiters:
MRy, = 428.9 exp(4 x 107> WIp.) r = 0.7958

3 ~« Axis Stabilized Landers:

NR.. = 1079.0 exp(4 x 10™° WT

GC TOT)

Spin Stabilized Flybys & Orbiters:

NRo, = 84.0 exp(4 x 107> WL

G TOT)

The recurring DLH relationship is used with all three of the
above relationships,

Rge = 0.122 MRy, (Ng) r = 0,955

I1|1'T RESEARCH INSTITUTE
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Figure 32: Guidance and Control Category Prediction and Error
Actual Predicted | Actual Predicted Actual | Predicted
Program | “RGC MR ce Ree Rae DLHg; | DLHgg % Error
(
M64 446.3 438.9 108,1 106.8 554.,4 554.,4 - 1.6
M69 444 .6 443,5 118.5 108.2 563.1 551.7 - 2,0
M71 406.3 469.7 96.5 114.6 502.8 584.3 16.2
PIO 85.9 85.9 15,5 21.0 101.4 106.9 5.4
Vo 602.0 577.0 168.6 140.8 770.0 717.8 - 6.8
VL 1185.,9 1185.9 330.8 289.4 1516.7 1475.3 - 2.7
LO 490,2 443,8 269.,6 270.5 759.8 714.3 - 6.0
Su* 1364.4 1181.4 829.3 1008.,7 2193.,7 ; 2190.1 E - 0.2

* not used in model derivation
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ASSEMBLY AND INTEGRATION

The model developed for assembly and integration is a multiple
linear fit based on the number of flight spacecraft and the

total dry weight of the spacecraft minus the weight of the
structure subsystem., This last parameter, WTDRY - WTST, is
perhaps an indication of the complexity of the spacecraft to be
assembled., Total dry weight as a parameter was found to have

very little correlation with the data. Figure 33 presents

values of predicted and actual DLH for assembly and integration.
The predicted values are in only fair agreement with actual values,

DLH,; = 64.0 Ng + 0.4 (WT

DRY ~ WTST) - 78,2 r = ,9182
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Figure 33:

Assembly and Integration Category Prediction and Error

Actual Predicted
Program DLH, DLH, ¢ % Error
M64 226.7 200,2 - 11,7
M69 207.0 233.2 12,7
M71 204.4 333.9 63.4
PIO 69.4 181.9 162.1
Vo 563.7 429,5 - 23.8
VL 407.2 356.,7 - 12.4
LO 459,0 405.6 - 11.6
SU * 710.1 662.6 - 6.7

* not used in model derivation
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TEST AND QUALITY ASSURANCE

The LER developed for test, quality assurance and reliability
analysis is a double parameter fit based on the number of flight
spacecraft and the weight of the structure subsystem, Figure 34
presents actual and predicted values of DLH for test and quality
assurance. The predictions are in generally good agreement with
the actual values, The largest variances occur in the Pioneer
and Viking Orbiter programs.

DLEy, = Ng (127.5 + 8,9 x 1074 WTZ2p) r = 0.9769
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Test and Quality Assurance Category Prediction and Error

Figure 34

Actual Predicted
Program DLHTQ DLHTQ % Error
M64 374.6 299.8 -20.0
M69 423,5 451.0 6.5
M71 572.6 658.8 15.1
PIO 519.6 299.1 ~42.4
Vo 872,5 1281.8 46.9
VL 3063.3 2894.8 - 5.5
Lo 892,7 744.7 -16.6
su * 5066, 2 894 .4 -82.3

* not used in model derivation
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LAUNCH AND FLIGHT OPERATIONS

The LER developed for launch and flight operations is a multiple
linear relation based on mission time and number of launches in
the total program, The mission time comprises two terms in the
model, The first, CT, accounts for mission operations during
interplanetary cruise, This time, in days, is counted from

launch day to date of mission termination. If there is more than
one spacecraft in the mission, CT is counted from launch of the
first vehicle to shutdown of the final one (thus for Pioneer F & G
program, CT = 1300 days). Periods of time overlap are counted
only once.

The second time term, EPT, accounts for increased operations during
times of encounter science (or landed science) and times of
scientific data transmission, both in real time and stored/playback
time,

Two launches were modeled for both the M64 and M71 programs al-
though one flight in each program failed, The times modeled for
M71 reflect allocated operations costs and times for the planned
mission since at the time the model was developed, run-out costs
for the remaining spacecraft mission were not available, Figure 35
shows actual and predicted values of DLH for launch and flight
operations., The predicted values are in very good agreement with
the actual values,

DLH'LF = 95.7 NL + 0,4 CT + 2,7 EPT - 17.5 r = 0,9925
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Launch and

- Figure 35

Flight Operations Category Prediction and Error

Actual Predicted

Program DLH; ¢ DLH; o % Error
M64 480,2 471.5 - 1.8
M69 265.3 259.0 - 2.4
M71 670.2 734.4 9.6
PIO 890.4 892.4 0.2
VO 995.9 974.0 - 2.2
VL 776.1 746.8 - 3.8
LO 759.4 759.4 ~0

sy * 2486.3 1032.7 -58.5

* not used in model derivation
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GROUND EQUIPMENT

The LER developed for ground equipment is a multiple power fit
based on the following parameters; structure subsystem weight,
imaging experiment resolution in terms of picture elements per
line, and time, in years, counted from August 1960 to the program's
first launch date, Total spacecraft weight and maximum downlink
data rate were examined, but proved to have very low correlation.
The time parameter appears as a psuedo-inheritance factor,
accounting for inheritance of certain equipment from one program
to another, Figure 36 presents actual and predicted values of
DLH for ground equipment., As can be seen, the predicted values
are only in fair agreement with the actual values,

4,29 +PPL (WTam)
2
T

DLHGE =

r = 0.9344
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Ground Equipment Category Prediction and Error

Figure 36

Actual Predicted
Program DLHp DLHp % Error
M64 600.8 533.0 -11.3
M69 846.6 59 .4 -29.8
M71 311.4 502.5 6l.4
PIO 96.9 108.,2 11.7
Vo 354,0 497.9 40.6
VL 895.6 525.4 «41.3
Lo 1592,2 1838.3 15.5
SU* 2529.9 924.4 -63.5

* not used in model derivation
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SYSTEMS ANALYSIS AND ENGINEERING

The LER developed for the category defined as systems analysis
and engineering is a multiple linear model based on the total

dry weight of the spacecraft and a percentage of the total direct
labor hours required for the ten categories previously discussed,
Although the data for M64 showed no cost allocation for this
category and the cost category Pioneer was relatively small, for
consistency these two programs appear in the data base. TFigure 37
presents actual and predicted values of DLH for systems analysis
and engineering., Due to the nature of the model (a linear function
with a relative large negative constant), it is possible that the
LER may predict negative hours, as is the case for both M64 and
Pioneer. An arbitrary solution to this is to set the DLHSE

to zero. The true predictions for M64 and PIO are shown in
parentheses,

10

DLHSE = 0.353 WTDRY + 0.067 ( § DLH) ~- 467.8 r = 0.9954
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Figure 37

Systems Analysis and Engineering Category

Prediction and Error

Actual Predicted
Program DLHSE DLHSE % Error
Mé64 0.0 0.0 (-6.1) 0.0
M69 210.0 155.0 - 26.2
M71 217.8 384.3 76.4
PIO 6.6 0.0 (=55.6) -100.0
VO 829.4 786.2 - 5.2
VL 1083.1 949.8 - 12.3
LO 277.0 343.9 24,1
SU* 2628.9 447.0 - 83.0

* not used in model derivation
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PROGRAM MANAGEMENT

The LER for program management is a simple percentage of the
total direct labor hours predicted for the previous eleven
categories, Models based on measures of program size, complexity
and duration showed little correlation with the actual DLH for
program management, Again, as with the science category, the
DLHpy for Viking Lander did not follow the trend established by
the other six programs (a 13.6% program management as compared

to an average of 5.1%). Thus, Viking Lander was not used in the
data base for this category. It is noted that the correlation
here is slightly below the established minimum, due to including
Lunar Orbiter (at 3.67% program management) in the program
management data base. The LO data was used, however, to allow
for the largest possible data base, and the resulting correlation
accepted as is, Figure 38 shows values of actual and predicted
DLH for program management. The predicted values are in reason=-
able agreement with the actual values.

1

DLH,, = 0.051 ( % DLH) r = 0,7334

PM
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Figure 38:

Program Management Category Prediction and Error

Actual Predicted
Program DLHpy DLHpy % Error
M64 217.8 202.4 - 7.1
M69 290.1 263.1 - 9.3
M71 370.5 339.4 - 8.4
PIO0 190.5 177.9 - 6.6
VO 420.8 477.5 13.5
VL 1779.8 583.3 -67.2
LO 291.9 477.9 63.7
SU* 2129.0 4947 -76.8

* not used in model derivation
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4. SUMMARY RESULTS
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5. RECOMMENDATIONS
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RECOMMENDATIONS FOR FURTHER STUDY AND ANALYSIS

A basic model for predicting total program costs for unmanned
lunar and planetary missions has been presented. Recommended
areas to further broaden and enhance the model consist of:

e Update the current data base by obtaining the latest cost
data available for Viking Lander, Viking Orbiter and
Mariner 71, More up=to=date Viking Lander data may lead
to reintroducing Surveyor into the data base and the de-
velopment of separate LER's for lander spacecraft, where
the situation warrants separate models (as in Guidance &
Control).

e Broaden the data base by obtaining cost data for such
programs as Mariner Venus 1967, Mariner Venus/Mercury 1973,
and earlier Pioneer and Explorer programs for particle and
field exploration of interplanetary and cis=lunar space.
Certain of these programs, together with Mariner 71, should
be useful in establishing inheritance factors or relationships.

o Begin development of LER's for outer planet atmospheric entry
vehicles by obtaining the most up-to-date technical and cost
data predictions for this type of program., Separation of the
Mars entry development and cost data from the rest of the
Viking Lander program should be useful in this respect.

o Refine the methodology for estimating recurring costs, The
present averaging method has a high variance and preliminary
examination of the errors for Lunar Orbiter and Surveyor in-
dicate that the recurring costs are not directly proportional
to the number of flight articles,
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® Analyze the individual errors by cost category. The magni-
tude and sign of the errors associated with each category can
provide clues to reassessment of line item data and model
variables which can serve to improve the sub models. The ac-
quisition of additional program data can serve as a valuable
check to avoid "historical' data fits which have inadequate
predictive capability.
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APPENDIX

COST MODEL EXAMPLE AND WORK SHEETS
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COST MODEL_ EXAMPLE AND WORKSHEETS

The following pages present the application of the cost model

to the Mariner Venus/Mercury 1973 program. The model predicts

a total program direct labor of 5159.0 thousand hours. Assuming
a $7.00 per hour wage rate, based on a median expenditure year
of mid 1972, this leads to a total program cost prediction of
$120,377,000 which is approximately 20 percent higher than the
current estimate for M73. Since this program is known to have
significant inheritance, this error is not unexpected,

Following the example, blank input preparation and worksheets
are provided for user application.
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COST MODEL INPUT PREPARATION SHEET

For Mariner 1973 Program

Spacecraft Subsystem Weights

Science (WTS) 168.2 pounds
o O
Structure (WTST) 46C.C
Propulsion, dry#* 27.9
Electrical Power (WTpp) 152.1
(do not include RTG weight)
Communications (WT) 145.0
Guidance & Control* 91.7
() G
Total, dry (WTDRY) 1044.9
Propellant (WTPR) 51.8
Total, wet (WTTOT) 1096.7

ot

* not individually required by model
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COST MODEL INPUT PREPARATION SHEET

Other Parameters

Total S/C conditioned power (Pg) 400 watts
(solar power at 1 AU)
(RTG power at BOL)

Unit RTG power at BOL (PU) """ watts
Number of RTG units purchased (NU) '''''
Transmitter peak RF output power (P.) 20 watts

INa

Specific impulse (ISP) 30 lbf-sec/lbm
: = Q -
Total impulse (IT = Igp X WTPR) 11914 lbf sec
Imaging experiment resolution (PPL) £€3% pixels per .l
Number of launches (NL) 1

Number of flight spacecraft (Ng) 1
' Date of first launch (LD1) 11/3/73
Time factor (T = LDl - August 1960) - 13.25years

Date of mission termination (MT) 4/13/74
(shut-down of final S/C)

Cruise time (CT = MT -LD1) 192 days
Experiment and data playback time (EPT) 41 days

(total for all S/C in mission)

Hourly labor rate
WAGE = exp (0.044y ~ 1.25) = 7.CCdo11ars /hour

where: y = median year of program funding minus 1900
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COST MODEL WORK SHEET (1 of 3)

For Mariner 1973 Program
Science
NRg = 0.1 PPL + 1.8 WTg + 234.2 = . 620.2
= = 112.¢9
RS 0.182 NRS (NS)
= 733.1
DLHS = NRS + RS
Structure
= = 592.9
NRST 1.18 WTST + 50.1
= = 58 . 1
RST 0.098 NRST (NS)
- - 935,0
DLHST = NRST + RST =
Propulsion
= -359 - 102.0
NRP = 3,51 (IT) =
= = 3 . ?
RP 0.149 NRP (NS) 15
DLHP = NRP + RP = 117.2
Electrical Power
. = = 174.3
Solar: NREP = 0,21 P0 4+ 0.23 WTEP + 55.3 =
RTG: NREP = 1,57 PO + 0.9 WTEP = -
Rgp = 0.154 NRp, (Ng) = 26.8
DLH = NREP + REP = 01,1
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COST MODEL WORKSHEET (2 of 3)

Communications
_ - = 9.9
MR, = 16.9 Py + 4.2 WT, - 37.1 204.2
Rg = 0.183 MR, (Ng) = 166.5
DL = MR + R N 1076.4

Guidance & Control

3-Axis Flyby or Orbiter:

-5
NRyo = 428.9 exp (4 x 1077 WTpqy) 448.1
3~Axis Lander:
MR = 1079.0 exp (4 x 107 MWT) =  ===0m-
Spin Flyby or Orbiter:
=5 tom N mmeeea
NRGC = 84.0 exp (4 x 10 WTTOT)

36,7

DLH

cc = MR

GC GC

Assembly & Integration

DLHAI = 64.0 Ng + 0.4 (WTDRY - WTST) = 219.8

Test & Quality Assurance

_ -4 2 _ .

DLHTQ = NS * (127.5 + 8.9 x 10 WTST ) = 315.8
Launch & Flight Operations

DLHLF = 95,7 NL + 0.4 CT + 2.7 EPT - 17.5 = -265,7
Ground Equipment

DLH = 429 FPPL (WTgp) - 324,72

T2 -

Subtotal

% DLH = 4693.,2
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COST MODEL WORKSHEET (3 of 3)

Svstems Analysis & Engineering

DLHSE = 0.353 WIppy + 0.067 (]g DLH) - 467.8 = 215.5
(if DLHg, < 0.0, set DLHg, = 0.0)

Subtotal

%% DLH = 4908.7
Program Management

DLHpy = 0.051 (£ DLH) = 250.3
Total Program Direct Labor Hours

DLHpqp = 5159.0 thousand hours

(n0) yes
NN l
A,E.C. Costs

Rere = (0.6 Py + 0.04 NRpmo - 5.9)NU

Adjusted Total DLH

! DLHpgp = DLHpgp + NRppe + Rpqg

Total Program Cost €

cosT = DPLHpgr (WAGE)  _ ¢ 159 377 (X1000)
0.3
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COST MODEL INPUT PREPARATION SHEET

For

Program

Spacecraft Subsystem Weights

Science (WTS)
Structure (WTST)
Propulsion, dry¥*

Electrical Power (WTEP)
(do not include RTG weight)

Communications (WTC)
Guidance & Controlx*

Total, dry (WTDRY)

Propellant (WTPR)

Total, wet (WTTOT)

* not individually required by model
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COST MODEL INPUT PREPARATION SHEET

Other Parameters

Total S/C conditioned power (PO)
(solar power at 1 AU)
(RTG power at BOL)

Unit RTG power at BOL (PU)
Number of RTG units purchased (NU)

Transmitter peak RF output power (PT)

Specific impulse (Igp)

watts

watts
watts

1bf-sec/1bm

Total impulse (IT = ISP X WTPR)
Imaging experiment resolution (PPL)
Number of launches (NL)
Number of flight spacecraft (NS)

Date of first launch (LD1)
Time factor (T = LDl - August 1960)

Date of mission termination (MT)

(shut-down of final S/C)
Cruise time (CT = MT -LD1)
Experiment and data playback time (EPT)
(total for all S/C in mission)

Hourly labor rate

WAGE = exp (0.044y - 1.25) =

1bc-sec
_____ pixels per line

years
days

days

dollars/hour

where: vy = median year of program funding minus 1900
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COST MODEL WORK SHEET (1 of 3)

For Program
Science
NRS = 0.1 PPL. + 1.8 WTS + 234.2 =
RS = 0,182 NRS (NS) =
DLHS = NRS + RS
Structure
NRST = 1,18 WTST + 50.1 =
Rgp = 0.098 NRgq (Ng) =
DLHST = NRST + RST =
Propulsion
— 0359 —
NRP = 3,51 (IT) =
RP = 0,149 NRP (NS) =
DLH? = NRP + RP =

Electrical Power

Solar: NREP = 0.21 Po + 0.23 WTEP + 55.3 =
RTG: NREP = 1,57 P0 + 0.9 WTEP =

Rgp = 0.154 NR;, (Ng) =
DLH = NREP + REP =
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COST MODEL WORKSHEET (2 of 3)

Communications

NRq = 16.9 Py + 4.2 WIg - 37.1 =
Ry = 0.183 NR, (Ng) -

DLHC = NRC + RC =

Guidance & Control

3=-Axis Flyby or Orbiter:
NR 428.9 exp (4 x 1072 w

GC Tror)
3-Axis Lander:

MRy = 1079.0 exp (4 x 107°WT

TOT)
Spin Flyby or Orbiter:

MRy, = 84.0 exp (4 x 107> WIpyr)
Roe = 0.122 NR, (Ng)
DLHGC = NRGC + RGC
Assembly & Integration
DLH.AI = 64.0 NS + 0.4 (WTDRY - WTST) =
Test & Quality Assurance
DLHy, = Ny * (127.5 + 8.9 x 107* wrg,H) =

Launch & Flight Operations

DLHLF = 95.7 NL + 0.4 CT + 2,7 EPT - 17.5

Ground Equipment

DLH._ = 4.29 PPL (WTgp) _
GE )
T
Subtotal
—==5=
% DLH =
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COST MODEL WORKSHEET (3 of 3)

Systems Analysis & Engineering

10
DLHgp = 0.353 Wlpry + 0.067 ( Z DLH) - 467.8 =

(if DLHgp < 0.0, set DLHg = 0.0)

Subtotal

11
L DLH =

Program Management

1
DLHp, = 0.051 (I DLH) =

Total Program Direct Labor Hours

DLHTOT = . thousand hours

no yes

v
A.E.C., Costs

NRprg = 1.7vPU - 265.7 In T + 1059.0

Rete = (0.6 Py + 0.04 NRRTG - 5.9)NU

Adjusted Total DLH

v DLHpgp = DLHpyp + NRpqo + Rppq

Total Program Cost &

cosT = DLHpop (WAGE) _ o (x1000)
0.3
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